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Abstract
The formation of laminae within the retina requires the coordinate regulation of cell differentiation and migration. The cell adhesion
molecule and member of the immunoglobulin superfamily, receptor protein tyrosine phosphatase Mu, PTP, is expressed in precursor and
early, differentiated cells of the prelaminated retina, and later becomes restricted to the inner plexiform, ganglion cell, and optic fiber layers.
Since the timing of PTP expression correlates with the peak period of retinal lamination, we examined whether this RPTP could be
regulating cell adhesion and migration within the retina, and thus influencing retinal development. Chick retinal organ cultures were infected
with herpes simplex viruses encoding either an antisense sequence to PTP, wild-type PTP, or a catalytically inactive mutant form of
PTP, and homophilic adhesion was blocked by using a function-blocking antibody. All conditions that perturbed PTP dramatically
disrupted retinal histogenesis. Our findings demonstrate that catalytic activity and adhesion mediated by PTP regulate lamination of the
retina, emphasizing the importance of adhesion and signaling via receptor protein tyrosine phosphatases in the developing nervous system.
To our knowledge, this is the first demonstration that an Ig superfamily RPTP regulates the lamination of any neural tissue.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The vertebrate retina develops from a simple sheet of
proliferating cells into a laminated structure with discrete
cellular and plexiform (axonal and dendritic) layers, con-
sisting of at least seven different cell types (Mey and Tha-
nos, 1992). These layers form a structural circuitry of neu-
rons within the retina that has a direct impact on visual
perception (Masland, 2001). Retinal neurons migrate radi-
ally to form these discrete laminae (Fekete et al., 1994) in
response to soluble or cell surface-bound cues (Mey and
Thanos, 2000). Of the cell surface-bound migrational cues,
cell adhesion molecules (CAMs) of the cadherin and im-
munoglobulin (Ig) superfamilies are key regulators of reti-
nal histogenesis (Buskirk et al., 1980; Hoffman et al., 1986;
Tomasiewicz et al., 1993; Tsukamoto et al., 1997; Yama-
gata et al., 2002).
The receptor protein tyrosine phosphatase (RPTP) sub-
division of the Ig superfamily has garnered interest as novel
regulators of retinal development, following the demonstra-
tion that LAR, PTP69D, and PTP all regulate axonal
pathfinding within the visual system (Clandinin et al., 2001;
Garrity et al., 1999; Mueller et al., 2000; Rashid-Doubell et
al., 2002). There is a distinct family of RPTPs called the
PTP subfamily. We hypothesized that the prototypical
member, the receptor protein tyrosine phosphatase mu
(PTP), functions in retinal development based on in vitro
experiments. PTP mediates homophilic cell–cell adhesion
and promotes retinal ganglion cell (RGC) neurite outgrowth
and migration of retinal bipolar and Mu¨ller glial cells
(Brady-Kalnay et al., 1993; Brady-Kalnay and Tonks, 1994;
Burden-Gulley and Brady-Kalnay, 1999). PTP also regu-
lates N-cadherin-mediated RGC neurite outgrowth in vitro
(Burden-Gulley and Brady-Kalnay, 1999). In vivo, N-cad-
herin regulates RGC pathfinding and retinal histogenesis
(Lee et al., 2001; Matsunaga et al., 1988; Riehl et al., 1996).
Thus, we hypothesize that PTP may regulate nervous
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system development via homophilic binding-dependent sig-
naling as well as by influencing cadherin-mediated adhesion
and migration.
PTP may be able to change the state of tyrosine phos-
phorylation within cells via its tyrosine phosphatase domain
in response to mediating cellular adhesion. The coordinate
regulation of tyrosine phosphorylation (Pasquale, 1998) and
dephosphorylation (Brady-Kalnay, 2001) is a key mecha-
nism for transducing extracellular signals to cellular re-
sponses in the developing nervous system (Brady-Kalnay,
1998, 2001; Pasquale, 1998). In light of this, we have begun
to examine the role of PTP-mediated adhesion and cata-
lytic activity in neural development.
In the present study, we found that PTP is expressed
throughout the retina prior to lamination, and that as lami-
nae develop, PTP expression becomes restricted to the
innermost layers of the retina. Disruption of PTP expres-
sion in retinal organ cultures with a herpes simplex virus
(HSV) encoding either antisense PTP (AS) or wild-type
PTP (WT-PTP) results in dramatic disruption of retinal
laminae formation. When a catalytically inactive mutant
form of PTP (C-S) is expressed in the retina, histogenesis
is likewise disrupted. Finally, when PTP-mediated adhe-
sion is disrupted by antibody perturbation of retinal organ
cultures, retinal histogenesis is also perturbed. These data
demonstrate that catalytic activity and adhesion mediated by
PTP are instrumental in retinal histogenesis.
Materials and methods
Antibodies
The monoclonal antibodies to PTP, to the extracellular
(BK2 and BK9) and intracellular (SK15) domains, have
been described previously (Brady-Kalnay et al., 1993;
Brady-Kalnay and Tonks, 1994). For immunoblot loading
controls, an antibody to vinculin (V9131, Sigma, St. Louis,
MO) was used. The monoclonal antibody that serves as a
control for the antibody perturbation assays was generated
by using a fusion protein to the intracellular domain of
another RPTP, PCP2 (S.B.K., unpublished data). The anti-
bodies to N-cadherin (NCD-2; Hatta and Takeichi, 1986),
NgCAM (8D9), and the bipolar and photoreceptor specific
antibody, 3G3 (V. Lemmon, personal communication),
were provided by Dr. V. Lemmon (Case Western Reserve
University). The retinal ganglion cell-specific antibody
against Islet 1/2 (39.4D5; Desire et al., 1998) and the pho-
toreceptor-specific antibody against visinin (7G4) were ob-
tained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NIHCD and maintained
by the University of Iowa, Department of Biological Sci-
ences (Iowa City, IA, 39.4D5 submitted by Dr. T. Jessell,
and 7G4 submitted by Dr. C. Cepko). The amacrine-specific
antibody AP2 antibody (H-79; Bisgrove and Godbout,
1999) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA).
Recombinant HSV preparation
HSV was produced as previously described (Lim et al.,
1996). Using the HSV-1 vectors, pHSVpuc and pHSV-IRES-
GFP, generously provided by Dr. Jonathan Ivins (University of
Texas, Houston), we generated new viral vectors containing
extended multiple cloning sites (MCS), which we called
pHSV-MCS and pHSV-IRES-GFP-MCS. The MCS was cut
out of pSL1180 (Amersham Biosciences, Piscataway, NJ) us-
ing HindIII and EcoRI and inserted into the HindIII and EcoRI
sites of the HSVpuc to generate pHSV-MCS. The MCS was
cut out of pSL1180 using XhoI and EcoRI and inserted into the
XhoI and EcoRI sites of the pHSV-IRES-GFP to generate
pHSV-IRES-GFP-MCS. Antisense PTP-IRES-GFP was
made by cutting Intra out of Intra/p VL1392 (Brady-Kalnay et
al., 1993) using XbaI and XhoI and inserting the sequence in
the antisense orientation by ligation into pHSV-IRES-GFP-
MCS. The catalytically inactive mutant form of PTP, which
has an essential cysteine residue in its active site mutated to a
serine residue, called PTP(C-S)GFP/pHSV-MCS, was gen-
erated by digesting the PTP(C-S)GFP/pBPSTRI plasmid
with NotI, and ligating this fragment into the NotI site of
pHSV-MCS. PTP(WT)GFP/pHSV-MCS was generated by
digesting the PTP(WT)GFP/pBPSTRI with NotI followed by
ligation of this fragment into the pHSV-MCS. All of the
pBPSTR1 constructs have been described elsewhere (Burden-
Gulley and Brady-Kalnay, 1999).
The virus was produced by transfection of the plasmid into
a helper cell line (2-2 vero cells), followed by infection with a
helper virus (5dl1.2), both provided by Dr. J. Ivins (University
of Texas, Houston; see Lim et al., 1996). After three amplifi-
cation cycles, the virus was purified using sucrose density
ultracentrifugation and stored at 80°C. Viral titers were de-
termined based on green fluorescent protein expression in
dissociated E6 retinal neuroepithelial cells (RNE).
E5 retinal organ cultures
Chick retinal organ cultures were prepared essentially as
described previously (Matsunaga et al., 1988). In all exper-
iments, embryos were staged according to the guidelines of
Hamburger and Hamilton (Hamburger, 1951). Briefly,
small pieces from the neural retina dorsal to the optic fissure
of stage 26 (E5) embryos were cultured for 4 days in 10%
fetal bovine serum (Atlas, Fort Collins, CO), 2% chick
serum (Sigma), and N2 supplement in DMEM/F-12 (In-
vitrogen, Carlsbad, CA), with exchange of media after 48 h.
Either 25 L of virus or 60 g/mL of ascites fluid per retina
was added at the time of explanting. Following a 4-day
culture period, at which time the retinas are equivalent to an
E8 retina (Spence and Robson, 1989), the tissue was pro-
cessed for histological analysis as described below.
E6 retinal neuroepithelial cell cultures
E6 retinal neuroepithelial cells (RNE) were used for
biochemical assays as they express PTP and are pluripo-
107S.E. Ensslen et al. / Developmental Biology 264 (2003) 106–118
tent retinal cells that are similar to the precursor cells of the
retina (Rosdahl et al., 2002). E6 RNE were cultured as
previously described (Burden-Gulley and Brady-Kalnay,
1999). Briefly, E5.5–E6 (stage 28) chick neural retinas were
dissociated in 0.25% trypsin and 0.1% EDTA (Mediatech
Cellgro, Herndon, CA) for 20 min, followed by mechanical
trituration. Cells were resuspended and plated in 10% tryp-
tose phosphate broth (Sigma), 4% fetal bovine serum (At-
las), 1% chick serum (Sigma) in RPMI-1640 (Invitrogen).
Cells were infected with 1 L of HSV virus for 24 h, and
lysed in 20 mM Tris, pH 7.6, 1% Triton X-100, 1 mM
benzamidine, 200 M phenyl arsine oxide, 1 mM sodium
orthovanadate, 0.1 mM ammonium molybdate, and 2
L/mL protease inhibitor cocktail (Sigma).
Immunoblotting
E6 RNE lysates were separated on 6% polyacrylamide
gels using SDS-PAGE, and transferred to nitrocellulose
membranes for immunoblotting with an antibody for PTP
(SK15). Equal protein load was verified by stripping and
reprobing the PTP blot for vinculin. All immunoblot data
were acquired on a Bio-Rad Fluor-S Max MultiImager
system (Bio-Rad, Hercules, CA), using the Quantity One
(Bio-Rad) image processing software.
Immunohistochemistry
Chick retinas were fixed in 4% paraformaldehyde, 0.01%
glutaraldehyde in PEM buffer (80 mM Pipes, 5 mM EGTA,
1 mM MgCl2, 3% sucrose), pH 7.4, for 1–1.5 h, rinsed in
PBS, and cryoprotected in 10%, then 25% sucrose in PBS.
Retinas were embedded in Tissue Freezing Medium (Elec-
tron Microscopy Sciences, Fort Washington, PA), frozen on
dry ice, stored at 80°C, and cut into 10-M sections.
Sections were air dried, permeabilized with 1% saponin
(Sigma), 1% bovine serum albumin (Roche Molecular Bio-
chemicals, Indianapolis, IN), 20% goat serum (Invitrogen)
in PBS, then incubated overnight at 4°C in primary antibody
diluted in block buffer (1% saponin, 1% BSA, 20% goat
serum in PBS). Culture supernatant (for 3G3, 8D9, visinin,
and islet 1/2 antibodies) was used straight, and ascites (for
SK18, BK9, NCD-2, and AP2) were used at a 1:100
dilution. Sections were rinsed, incubated in fluorophore-
conjugated secondary antibodies (1:150) and DAPI (1 g/
mL, Sigma) diluted in block buffer, and coverslipped with
Slowfade Light antifade reagent in PBS (Molecular Probes,
Eugene, OR). Labeled sections were examined with a Nikon
(Tokyo, Japan) TE200 inverted microscope, and images
were collected with the Spot RT digital camera and image
acquisition software (Diagnostic Instruments, Inc., Sterling
Heights, MI).
DAPI cell survival assay
HSV-infected E6 RNE were fixed with 4% paraformal-
dehyde, 0.01% glutaraldehyde in PEM buffer for 30 min,
permeabilized and blocked with 1% saponin, 1% BSA, 20%
goat serum in PBS for 30 min, then incubated with 1 g/mL
DAPI in block buffer for an additional 30 min. The cells
were rinsed with PBS extensively before viewing on a
Nikon inverted microscope. Three random fields per sample
were photographed and counted in a blind fashion for the
total number of pyknotic nuclei.
Results
Expression of PTP correlates temporally with retinal
lamination
Lamination of the chick retina begins at late E2 (Kahn,
1973, 1974; Prada et al., 1991). At this stage, the retina is a
poorly segregated sheet of cells. By E8, all retinal cells have at
minimum begun the process of differentiation and migration
such that distinct retinal laminae can be discerned (Spence and
Robson, 1989). Considering only the major layers of the ma-
ture retina, their order from ventricular to vitreolar surface is:
outer limiting membrane (OLM), photoreceptor layer, outer
nuclear layer (ONL), outer plexiform layer (OPL), inner nu-
clear layer (INL), inner plexiform layer (IPL), ganglion cell
layer (GCL), outer fiber layer (OFL), and finally, the internal
limiting membrane (ILM) (Mey and Thanos, 1992).
While previous studies demonstrated that PTP is ex-
pressed in the retina at E6–E14 (Burden-Gulley and Brady-
Kalnay, 1999; Ledig et al., 1999), no studies have examined
the earlier expression pattern of PTP in the retina. Using a
monoclonal antibody to PTP, we examined the expression
of PTP in the retina from E3 to E10 (Fig. 1). PTP is
expressed throughout the retina as early as E3 (data not
shown) just after optic cup invagination. PTP continues to
be expressed diffusely in the retina at E4 (Fig. 1a). At this
time, besides the few differentiated RGCs and amacrine
cells (Kahn, 1973, 1974; Prada et al., 1991), the majority of
the cells in the retina are proliferating neural precursors.
Therefore, in addition to being expressed in the proliferating
precursors of the retina, PTP is likely expressed in the first
differentiated neurons of the retina. This diffuse expression
pattern persists in the E6 retina (Fig. 1e). By E8, however,
PTP expression is restricted to the OFL, GCL, IPL, and
OLM (Fig. 1i). At E10, the expression within these same
layers is still apparent (Fig. 1m). Coupled with previously
published studies of PTP expression in RGC neurites and
growth cones (Burden-Gulley and Brady-Kalnay, 1999) and
in E6-14 retinal sections (Burden-Gulley et al., 2002; Ledig
et al., 1999), our findings demonstrate that PTP is globally
expressed in the prelaminated retina, and that after E6, its
expression becomes restricted to the inner layers of the
retina, including in the GCL and OFL.
Previous studies have shown that PTP regulates N-
cadherin-mediated RGC neurite outgrowth and the ability
of cells to adhere to classical cadherins (Burden-Gulley
and Brady-Kalnay, 1999; Hellberg et al., 2002). This
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suggests that PTP may regulate N-cadherin function in
retina development (Matsunaga et al., 1988). Thus, we
also examined the developmental expression pattern of
N-cadherin in the retina (Fig. 1c, g, k, and o). Our results
confirm the earlier findings of Matsunaga et al. (1998)
and others (Wohrn et al., 1998), in demonstrating that, at
E4 – 6 (Fig. 1c and g), N-cadherin is expressed through-
out the retina, and that at E8, expression becomes re-
stricted to the GCL, IPL, OPL, and OLM (Fig. 1k). By
E10, the overall level of N-cadherin expression is de-
creased, although expression is still evident in the GCL,
IPL, OPL, and OLM (Fig. 1o). The expression patterns of
both PTP and N-cadherin support the hypothesis that
PTP-dependent adhesion or migration may regulate ret-
inal histogenesis, and/or that PTP may be required to
regulate N-cadherin-dependent adhesion or migration in
retinal development.
Infection of E5 retinas with antisense PTP has profound
effects on retinal histogenesis
To test whether PTP influences the formation of dis-
crete laminae in the retina, we perturbed PTP expression
and function in E5 retinal organ cultures (Buskirk et al.,
1980; Matsunaga et al., 1988; Spence and Robson, 1989)
and allowed the retinas to develop for 4 days. Retinal organ
cultures were perturbed with HSV encoding antisense (AS),
wild-type PTP (WT-PTP), or a catalytically inactive
mutant form of PTP (C-S) or with antibodies to the ex-
tracellular domain of PTP. At E5, most cell types in the
neural retina are exiting the cell cycle and migrating to their
final destination (Kahn, 1973, 1974; Prada et al., 1991).
After 4 days in culture, the retinas are developmentally
equivalent to an E8 retina (Spence and Robson, 1989). The
organ cultures were fixed, sectioned, and immunohisto-
Fig. 1. Expression of PTP and N-cadherin becomes restricted to the inner layers of the retina during development. Transverse sections (10 m) of E4-10
retinas were immunohistochemically labeled for PTP using the monoclonal antibody BK9 (a, e, i, m) and for N-cadherin using the monoclonal antibody
NCD-2 (c, g, k, o), followed by detection with fluorescein-conjugated secondary antibodies. Corresponding phase contrast micrographs are also shown (b,
d, f, h, j, l, n, p). At E4 (a, b) and E6 (e, f), PTP is expressed throughout the retina. In E8 (i, j) and E10 (m, n) retinas, PTP is located primarily in the
OFL, GCL, IPL, and OLM. N-cadherin expression changes from a diffuse expression at E4 (c) and E6 (g), to a more restricted expression in the OFL, GCL,
IPL, and OLM at E8 (k) and E10 (o). Layers of the retina are indicated next to each row of images for orientation; ganglion cell layer (GCL), neuroepithelial
cell layer (NE), optic fiber layer (OFL), inner nuclear layer (INL), outer nuclear layer (ONL). Scale bar, 60 m.
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chemically processed with DAPI to label retinal nuclei and
then with retinal cell-specific markers.
To ensure that the AS HSV reduced PTP protein ex-
pression, E6 retinal neuroepithelial cells (RNE) were in-
fected with AS or GFP encoding HSV for 24 h, lysed, and
analyzed by immunoblot. Full-length PTP, which migrates
at 200 kDa, is also cleaved into two fragments with molec-
ular weights of 100 kDa each (Brady-Kalnay and Tonks,
1994). In retinal lysates, an additional 95-kDa immunore-
active band is also apparent (Burden-Gulley and Brady-
Kalnay, 1999; Burden-Gulley et al., 2002). HSV encoding
the AS sequence of PTP reduced the expression of full-
length PTP by 60% (Fig. 2) in cultured RNE compared
with GFP-infected controls. In addition, the 100-and 95-
kDa proteolytically processed cytoplasmic fragments were
also reduced following AS treatment, by 47 and 35%, re-
spectively (Fig. 2). When a retrovirus encoding this AS
sequence was used to infect E6 RNE, full-length PTP
protein expression was likewise significantly reduced (Bur-
den-Gulley and Brady-Kalnay, 1999). The immunoblots
were reprobed for the cytoskeletal protein, vinculin (Fig. 2),
to verify that equal amounts of protein were loaded per lane.
Cadherin expression was also equal in both samples (data
not shown).
Infection of retinas with GFP alone served as our control
in the retinal organ culture experiments. Following infection
with GFP alone, the retinas resemble uninfected retinas
(data not shown). The GFP-infected control retinas had both
a distinct DAPI-labeled GCL (Fig. 3b, g, and l) and a
compact structure as seen in phase contrast micrographs
(Fig. 3a, d, f, i, k, and n). In GFP-infected retinas, the
majority of RGC cell bodies, indicated by islet 1/2 immu-
noreactivity (Desire et al., 1998), are located in the GCL
(Fig. 3c). Other islet 1/2-positive cells are seen in more
central regions of the retina, presumably representing neu-
rons migrating to their final location within the GCL. In the
GFP-infected retinas, a distinct OFL is observed along the
vitreolar surface of the retinas, as shown with NgCAM
labeling (Fig. 3e). Amacrine cell bodies, as identified by
AP2 labeling (Bisgrove and Godbout, 1999), are located in
the INL at this developmental time in the GFP-infected
retinas (Fig. 3h). Displaced amacrine cells in the GCL of
GFP retinas are also visible with the AP2 antibody (Fig.
3h). Bipolar cell processes within the IPL and photorecep-
tors in the ONL are immunolabeled with the 3G3 monoclo-
nal antibody (V. Lemmon, personal communication). 3G3-
positive bipolar processes in the IPL are present in the
GFP-infected retinas (Fig. 3m, arrow). Photoreceptor cell
labeling with the 3G3 (Fig. 3m) and visinin (Fig. 3o) anti-
bodies demonstrate that photoreceptor cells are located ex-
clusively in the ONL. Finally, the GFP-infected retinas had
radially aligned Mu¨ller glial cells, as assayed with the 3A7
antibody (Fig. 3j).
A very dramatic phenotype is observed in the retinas
following infection with the PTP antisense (AS) virus.
Examination of the phase and DAPI images demonstrates a
notable loss of retinal integrity, accented by the loss of a
clearly defined OLM and ILM (Fig. 4a, b, f, g, k, and l). In
addition, DAPI-labeled rosettes of cells are often observed
along the OLM (Fig. 4b, g, and l). To gain a better under-
standing of the retinal cell types disturbed following AS
infection, we immunolabeled AS-treated retinal sections
with the cell-specific markers. Most cell types examined
within the inner layers of the retina (including the OFL,
GCL, IPL, INL) are perturbed. In the AS-infected retinas,
there are fewer islet 1/2-positive RGCs in the GCL, al-
though they are, for the most part, correctly located within
the inner one-third of the retina (Fig. 4c). Interestingly, the
OFL is duplicated along the ventricular surface of the retina,
as indicated by NgCAM labeling (Fig. 4e). Duplication of
the OFL is never observed in the GFP-infected controls
(Fig. 3e). In addition, there is a dramatic loss of both
amacrine cell (Fig. 4h) and bipolar process (Fig. 4m) im-
munolabeling. Photoreceptor cells, immunolabeled with the
3G3 (Fig. 4m) and visinin (Fig. 4o) antibodies, are often
mislocated within inner regions of the retina, and tend to be
arranged in rosettes along the OLM. Despite all of these
cellular defects, the Mu¨ller glial scaffold is largely intact in
the AS-treated retinas, as demonstrated by 3A7 immunola-
beling (Fig. 4j). From these studies, it is clear that reduction
of PTP protein in the developing retina with AS disrupts
the development of most retinal cell types during this period
of retinal development.
Overexpression of WT-PTP disrupts retinal histogenesis
by altering cell survival
Loss of PTP expression has a dramatic effect on retinal
lamination. We then examined whether overexpression of
wild-type PTP (WT-PTP) affects retinal development.
WT-PTP expression in retinal organ cultures did, in fact,
also severely disrupt retinal development. The phenotype
observed, however, is unlike that of the retinas infected with
Fig. 2. AS PTP infection reduces PTP expression in retinal cells.
Lysates from E6 dissociated retinal neuroepithelial cells infected with GFP
or Antisense PTP (AS) HSV were separated by SDS-PAGE (on 6% gels),
transferred to nitrocellulose, and probed with an antibody to PTP (SK15).
Densitometric measurement of the PTP bands showed a 60% reduction of
the full-length PTP (200 kDa) band, a 47% reduction of the 100-kDa
band, and a 35% reduction of the 95-kDa band following AS infection. The
immunloblot was stripped and reprobed with an antibody to vinculin to
verify equal protein loading per lane.
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the AS virus. WT-PTP overexpression results in a dra-
matic increase in cell death within the retina as demon-
strated by the increase in small pyknotic nuclei as viewed
with DAPI staining (Fig. 5b, g, and l).
Confirmation of the loss of many cell types following
WT-PTP infection was obtained following the examina-
tion of the retinal sections with cell-specific markers (Fig.
5). Notably, RGC cell body (Fig. 5c) and axon (Fig. 5e)
labeling as visualized with the islet 1/2 and NgCAM anti-
bodies, respectively, are significantly reduced in these reti-
nas. Furthermore, no AP2 labeling of amacrine cells in the
INL (Fig. 5h) or 3G3 labeling of bipolar fibers (Fig. 5m) is
observed. Photoreceptor cells, as indicated by visinin label-
ing (Fig. 5o), are mislocated within the inner retina, while
there is very little photoreceptor labeling with the 3G3
antibody (Fig. 5m). Not all cells within the retina were
affected, however, since the Mu¨ller glial scaffold is largely
intact in these retinas (Fig. 5j). In contrast to the lamination
defects observed in AS-infected retinas, overexpression of
WT-PTP decreases the survival and/or differentiation of
most cell types within the retina.
Expression of a catalytically inactive mutant of PTP
also disrupts retinal histogenesis
PTP is able to dephosphorylate tyrosine residues
(Brady-Kalnay and Tonks, 1993). In order to determine
whether enzymatic activity of PTP is important in retina
lamination, we expressed a catalytically inactive mutant
form of PTP, in which an essential cysteine residue is
mutated to a serine residue (C-S), in organ-cultured retinas.
This mutant is able to bind cytoplasmic signaling partners
(Hellberg et al., 2002), but is unable to catalyze tyrosine
dephosphorylation, and thus can perturb endogenous PTP
Fig. 3. Lamination of E5 retinal organ culture following GFP infection. GFP alone was used as a control for viral infection. GFP-infected retinas display
normal retinal architecture. Sections from a GFP-infected retina cultured for 4 days were immunolabeled with cell-specific antibodies. DAPI (b, g, l) and
phase contrast (a, d, f, i, k, n) images demonstrate that the GCL and INL are separated at this stage of development. RGC cell bodies are present in the GCL
as indicated by islet 1/2 labeling (c), and RGC axons labeled with NgCAM are located only in the OFL (e). Amacrine cell bodies in the INL and displaced
amacrine cell bodies in the GCL are immunolabeled with AP2 antibody (h), while 3G3-positive bipolar cell processes are correctly located in IPL (m,
arrow). Photoreceptor cells, labeled with 3G3 and visinin, are exclusively found in the ONL in GFP-infected retinas (m, o). Mu¨ller glial cells span the entire
width of the retina, as indicated by 3A7 immunolabeling (j). Layers of the retina are indicated next to each row of images for orientation; optic fiber layer
(OFL), inner nuclear layer (INL), outer nuclear layer (ONL). Scale bar, 60 m.
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function. The retinas infected with the C-S virus are all
dramatically disrupted (Fig. 6). Staining of the retinal cell
nuclei with DAPI demonstrates both a general disruption of
retinal integrity along the ILM and OLM as well as the
presence of rosettes of cells within central regions of the
retina (Fig. 6a, b, f, g, k, and l). These rosettes or circles of
cells are never observed in the control retinas (Fig. 3).
Using the cell-specific antibodies, we noted a decrease
in immunolabeling of most cells within the inner retina.
As in the AS-infected retinas, the OFL is duplicated
along the ventricular surface of the retina (Fig. 6e), and
axons are occasionally seen coursing through the retina
(data not shown). In addition, there is a decrease in RGC
cell body labeling, as shown with the islet 1/2 antibody,
although a few RGC cell bodies are located within the
GCL (Fig. 6c). Both amacrine cells (Fig. 6h) and bipolar
fibers (Fig. 6m) are largely absent in the C-S-infected
retinas. Nonetheless, the Mu¨ller glial scaffold remains
intact, despite being occasionally disrupted by the ro-
settes (Fig. 6j).
The slight disorganization of the photoreceptor cells
noted in the AS-treated retinas is more pronounced in the
C-S-infected retinas. In fact, photoreceptor cells line the
large centrally located-rosettes as shown with the 3G3
(Fig. 6m) and visinin (Fig. 6o) antibody immunolabeling.
Visinin-positive photoreceptor cells are also inappropri-
ately found throughout the inner half of the retina (Fig.
6o). The C-S expression studies demonstrate that disrup-
tion of catalytic activity of PTP produces retinal histo-
genesis defects.
Expression of wild-type PTP increases cell death of
retinal cells
All of our perturbations of PTP expression and func-
tion cause major histogenesis defects. In the case of
Fig. 4. AS infection of E5 retinal organ cultures dramatically disrupts retina development. Antisense PTP (AS) infection of retinal organ cultures results
in a duplication of the OFL along the ventricular surface of the retina, as well as a disruption of amacrine, bipolar, and photoreceptor cells. Sections (10 m)
from AS-treated retinal organ cultures were immunolabeled with cell-specific antibodies. DAPI images demonstrate the general loss of retinal integrity and
the presence of rosettes of cells along the OLM (arrowheads, b, g, l). While RGC cell bodies labeled with islet 1/2 are for the most part correctly located
within the GCL (c), a duplication of the OFL along the OLM as identified by NgCAM labeling was observed in these retinas (e). No AP2-positive amacrine
cells (h) or 3G3-positive bipolar processes (m) were visible in these retinas. The photoreceptor cells labeled with 3G3 and visinin occasionally line rosettes
along the OLM (m, o) and are often mislocated within the inner half of the retina (o). Despite the perturbation of all of these cell types, the Mu¨ller glial
scaffold remains largely intact (j). Vitreolar (Vitr) and ventricular (Vent) zones of the retina are indicated for orientation. Scale bar, 60 m.
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WT-PTP expression, these defects primarily involve an
increase in retinal cell death. To determine whether
the PTP mutants could influence retinal cell survival in
vitro, we examined DAPI-stained E6 RNE infected
with the PTP viruses for the presence of pyknotic nu-
clei. Pyknotic nuclei are a hallmark of dying cells. In
WT-PTP, as compared with the AS- C-S- or GFP-
infected retinal cells, there was a statistically significant
increase in pyknotic nuclei (Fig. 7). When compared with
GFP-infected controls, WT-PTP expression results in a
43% increase in cell death of dissociated retinal cells.
There is a 46% increase in cell death of WT-PTP-
infected retinal cells compared with C-S-infected cells.
Since the only difference between WT-PTP and C-S
PTP is the presence of a functional catalytic domain,
these data emphasize the impact that an imbalance of
phosphotyrosine regulation has on retinal cell survival,
and suggest that the defects that we observe in the WT-
PTP-infected retinas are likely a result of increased
retinal cell death.
Adhesion mediated by PTP is necessary for retinal
development
In addition to its phosphatase activity, PTP also medi-
ates adhesion (Brady-Kalnay et al., 1993) and neurite out-
growth (Burden-Gulley and Brady-Kalnay, 1999). From our
C-S and WT-PTP organ culture studies, it is clear that
perturbation of the level of tyrosine phosphatase activity
during development can dramatically disrupt retinal histo-
genesis. What remains unclear, however, is whether PTP-
mediated adhesion is necessary for retinal lamination to
occur. To address this question more directly, an adhesion-
blocking antibody to PTP (BK2) was used in the retinal
organ cultures. BK2 blocks both PTP-mediated adhesion
and neurite outgrowth (Brady-Kalnay and Tonks, 1994;
Fig. 5. WT-PTP expression reduces all cell-specific immunolabeling within the retina. In wild-type PTP (WT-PTP)-infected retinas, there is a general
loss of most cell-specific markers. DAPI-labeled sections display many pyknotic nuclei (b, g, l). Corresponding phase contrast images (a, d, f, i, k, n) also
reflect the general disorder of the retinas. Sections from WT-PTP-infected retinas were immunolabeled with cell-specific antibodies. Few islet 1/2-positive
RGCs are present (c). There is a corresponding reduction in OFL labeling with NgCAM (e). There is no duplication of the OFL in the WT-PTP-infected
retinas. Furthermore, no AP2-positive amacrine cells (h) in the INL or 3G3-positive bipolar fibers in the IPL (m) are labeled. 3G3 labeling of photoreceptors
is very faint (m), while visinin immunolabeling shows inappropriately located photoreceptors within the inner retina (o). Once again, Mu¨ller glial cells are
present and their scaffold appears to be largely intact (j). Vitreolar (Vitr) and ventricular (Vent) zones of the retina are indicated for orientation. Scale bar,
60 m.
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Burden-Gulley and Brady-Kalnay, 1999; Hellberg et al.,
2002). Since the only known ligand of PTP is itself (i.e.,
it interacts homophilically), perturbation of PTP-mediated
extracellular interactions most likely disrupts homophilic
binding. When adhesion-blocking PTP antibodies were
added to the retinal organ cultures in a concentration equal
to that used to block PTP-mediated adhesion and neurite
outgrowth (Brady-Kalnay and Tonks, 1994; Burden-Gulley
and Brady-Kalnay, 1999; Hellberg et al., 2002), we ob-
served a dramatic disruption of retinal development, as
shown with DAPI and phase images (Fig. 8e and f). In
particular, perturbation of PTP-mediated adhesion causes
an increase in pyknotic nuclei, reminiscent of the defect
observed after WT-PTP expression. Unlike WT-PTP-
infected retinas, rosettes of cells are present throughout the
BK2 perturbed retinas (Fig. 8e and f), like in the C-S-
infected retinas. Addition of control antibodies does not
result in retinal lamination defects (Fig. 8a and b). Culturing
in the presence of an antibody to the extracellular domain of
NgCAM likewise does not disrupt retinal development (Fig.
8c and d) at this stage. We are unable to characterize the
cellular nature of the BK2-dependent defects because the
antibodies that we use to block PTP-mediated adhesion
are the same isotype as most of our cell-specific markers
and therefore cross-react with the fluorophore-conjugated
secondary antibodies. Nonetheless, these data demonstrate
conclusively that adhesion mediated by PTP is necessary
for retinal development. The nature of the retinal defects
observed are summarized in Table 1.
Discussion
Precisely regulated neuronal migration and cell adhesion
are responsible for the formation of the complex structure of
the retina that arises from a simple sheet of proliferating
Fig. 6. The retina is severely disrupted in C-S-expressing organ cultures. Retinas infected with catalytically inactive PTP (C-S) have pronounced
photoreceptor-lined rosettes, optic fiber layer duplication, and defects in amacrine and bipolar cell lamination. Sections (10 m) from C-S-infected retinas
were immunolabled with cell-specific antibodies. Cellular rosettes are visible with DAPI-labeled images (arrowheads, b, g, l). Corresponding phase contrast
images are shown (a, d, f, i, k, n). In the C-S-infected retinas, few islet 1/2-positive RGCs are present in the GCL (c), while the OFL is duplicated along
the OLM, as shown by NgCAM immunolabeling (e). In addition, there are no AP2-positive amacrine cells in the INL (h) or 3G3-positive bipolar processes
(m) in the C-S-infected retinas. The rosettes visible in DAPI-labeled photomicrographs are lined with photoreceptor cells, as indicated by 3G3 (m) and visinin
(o) immunolabeling. Mu¨ller glial cells, on the other hand, are present and oriented correctly (j). Vitreolar (Vitr) and ventricular (Vent) zones of the retina
are indicated for orientation. Scale bar, 60 m.
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cells. In this study, we have shown that PTP regulates the
process of lamination of the vertebrate retina. The fact that
alteration of PTP-mediated adhesion, catalytic activity,
and protein expression all disrupt lamination suggests that
expression of PTP that is both catalytically active and
capable of mediating homophilic cell–cell adhesion is nec-
essary for retinal development.
Two different types of defects are observed in these
retinal organ culture experiments: aberrant lamination and
an increase in cell death. The lamination defects observed
included rosette formation, optic fiber layer duplication, and
loss of bipolar fiber and amacrine cell labeling. All of these
defects are evident in the AS- and C-S-infected retinas
(Figs. 4 and 6), and, to a lesser extent, in the BK2 antibody
perturbed retinas (Fig. 7). In vitro studies demonstrate that
PTP regulates neurite outgrowth of retinal ganglion cells
(Burden-Gulley and Brady-Kalnay, 1999) and adhesion of
cells (Brady-Kalnay et al., 1993; Hellberg et al., 2002). For
example, RGC neurites express PTP and are able to grow
on a substrate of purified PTP (Burden-Gulley and Brady-
Kalnay, 1999). PTP also promotes the migration of bipolar
and Mu¨ller glial cells (Burden-Gulley and Brady-Kalnay,
1999). In addition, PTP regulates RGC neurite outgrowth
on a purified N-cadherin substrate (Burden-Gulley and
Brady-Kalnay, 1999). Expression of either AS or C-S PTP
in retinal explants growing on N-cadherin reduces neurite
length and density by approximately 50% (Burden-Gulley
and Brady-Kalnay, 1999). Therefore, disruption of PTP
expression and function in retinal organ cultures likely in-
terferes with both PTP- and N-cadherin-mediated adhe-
sion.
The photoreceptor-lined rosettes are a major defect
found following PTP perturbation (Figs. 4 and 6). N-
cadherin perturbation of retinal organ cultures also produces
this same defect (Matsunaga et al., 1988). Photoreceptor-
lined rosettes are found in Hes-1 knock-out mice and after
mechanical perturbation of retinas (Sharma et al., 1997;
Tomita et al., 1996), suggesting that the formation of ro-
settes is a common pathology that arises following retinal
disruption. We suspect that alteration of PTP expression
and function within the developing retinas causes aberrant
adhesion between retinal cells, which results in rosette for-
mation.
The observation that the OFL is duplicated along the
ventricular surface of the retina following AS and C-S
expression demonstrates that PTP can regulate axon
Fig. 7. Wild-type PTP, but not C-S PTP, increases cell death of retinal
cells. E6 RNE infected with GFP, AS, C-S, and WT-PTP were stained
with DAPI to label cell nuclei, and random fields were counted for the total
number of pyknotic nuclei. Presence of wild-type PTP results in a
statistically significant increase in pyknotic nuclei versus GFP, AS, and
C-S-infected cells (asterisk, P  0.05).
Fig. 8. PTP antibody perturbation of retinal organ cultures disrupts retinal
histogenesis. Sections from retinas treated with a control antibody (a, b), an
antibody to the extracellular domain of NgCAM (c, d), or with a function-
blocking antibody to the extracellular domain of PTP (e, f) were labeled
with DAPI. Retinas cultured in the presence of control and NgCAM
antibodies had normal histogenesis, with few pyknotic nuclei and no
disruption of retinal integrity. Retinas treated with the antibody to PTP,
on the other hand, had many pyknotic nuclei, distinct cellular rosettes, and
a complete disorder of retinal architecture (e, f). Vitreolar (Vitr) and
ventricular (Vent) zones of the retina are indicated for orientation. Scale
bar, 60 m.
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growth within the retina. A role for PTP as an axon
guidance molecule has recently been proposed, based on the
differential expression pattern of PTP in the E8 retina and
tectum (Burden-Gulley et al., 2002). PTP is expressed in
the GCL and OFL and in RGC growth cones at E8 (this
study; Burden-Gulley et al., 2002; Ledig et al., 1999), the
time of maximum RGC axon outgrowth and guidance from
the retina to its target, the optic tectum (Mey and Thanos,
2000). Furthermore, recent data indicate that PTP is ex-
pressed in a gradient in the retina and the optic tectum at the
peak period of RGC innervation (Burden-Gulley et al.,
2002). In in vitro assays, PTP was shown to promote
outgrowth of nasal RGCs, but to prevent outgrowth of
temporal RGCs and to preferentially induce collapse of
temporal growth cones (Burden-Gulley et al., 2002). We
now provide in vivo evidence that PTP regulates RGC
axon migration, even before the RGC axons leave the retina
(Figs. 4e and 6e). Perturbation of functional PTP could
cause RGC axons to become disorganized and to grow
freely throughout the retina. In support of this, perturbation
of either the potent RGC axon growth stimulator, NgCAM
(Schlosshauer and Dutting, 1991), or the negative growth
cue of chondroitin sulfate proteoglycans (Brittis et al., 1992)
cause RGC axons to be disorganized within the retina. In the
case of PTP, it is intriguing to speculate that each scenario
may occur in different quadrants of the retina given that we
now know that PTP can promote neurite outgrowth from
nasal retina and inhibit outgrowth from the temporal retina
(Burden-Gulley et al., 2002).
PTP and N-cadherin expression become restricted to
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the IPL at later stages of retina development (Fig. 1; Bur-
den-Gulley and Brady-Kalnay, 1999; Matsunaga et al.,
1988). Following PTP perturbation in our organ culture
experiments, there is a total loss of IPL and amacrine cell
labeling (Figs. 4, 5, 6 h and m), suggesting that PTP is
necessary for the formation of these discrete layers and,
indeed, perhaps even for the survival of these cells. Changes
in amacrine cell populations have been observed following
the elimination of the transcription factors, Math3 and
NeuroD (Inoue et al., 2002), and the cyclin-dependent ki-
nase inhibitor, p57 (Dyer and Cepko, 2000). The cellular
defects observed in the absence of PTP expression and
function, however, are more generalized than those ob-
served following the elimination of Math3, NeuroD, and
p57. PTP is expressed throughout the E5 retina, and not
restricted in its expression, as p57, Math3, and NeuroD are.
This global expression pattern is likely the reason why
PTP disruption affects many cell types within the retina.
The second type of defect observed in this study is a
dramatic increase in cell death produced by the overexpres-
sion of WT-PTP (Figs. 5 and 7) and the addition of the
PTP function-blocking antibodies (Fig. 8). In our organ
cultures, these perturbation conditions most likely alter cell
signaling to affect cell survival directly. The RPTP LAR has
previously been shown to directly regulate cell survival
(Tisi et al., 2000). In specific, expression of LAR can
promote cell death of the sensory neuron-like rat pheochro-
mocytoma cells (Tisi et al., 2000), and overexpression of
LAR in other mammalian cell lines induces cell death
(Weng et al., 1999). Furthermore, it has been noted that
overexpression of many RPTPs is cytotoxic (Brady-Kalnay,
2001). Support for the notion that an increase in PTP-
mediated tyrosine phosphatase activity is responsible for
inducing cell death comes from the fact that C-S, which is
identical to WT-PTP in all respects except for one point
mutation in the catalytic domain that renders it catalytically
inactive, does not induce cell death of retinal cells (Fig. 7).
The fact that antibody perturbation of PTP-mediated ad-
hesion (Fig. 8) results in a noticeable increase in cell death
suggests that blocking PTP-mediated adhesion may regu-
late cell survival. Therefore, these results demonstrate that
either an increase in tyrosine phosphatase activity or alter-
ations in PTP-dependent adhesion and signaling in neural
cells can induce cell death.
The effects produced by overexpression of a catalytically
active and a catalytically inactive mutant form of PTP
emphasizes the importance of cell signaling via tyrosine
phosphatases in retinal histogenesis, and brings up the ques-
tion as to what signals PTP regulates in the cell. Candidate
signaling partners with PTP include the Receptor for Ac-
tivated C Kinase 1 (RACK1) (Mourton et al., 2001), Protein
Kinase C  (PKC) (Hellberg et al., 2002; Rosdahl et al.,
2002), the cadherin–catenin complex (Brady-Kalnay et al.,
1995, 1998), and the Rho GTPase, Cdc42 (Rosdahl et al.,
2003). RACK1 binds to the first tyrosine phosphatase do-
main of PTP in a yeast two-hybrid assay (Mourton et al.,
2001) and exists in a complex with PKC and PTP in E8
retinas (Rosdahl et al., 2002) and in other cell types (Hell-
berg et al., 2002). Neurite outgrowth on PTP requires
PKC activation (Rosdahl et al., 2002), and changes in the
cytoskeletal structure of growth cones in response to PTP
require Cdc42 activity (Rosdahl et al., 2003). Future studies
that examine the effects of perturbation of these and other
signaling molecules during development will illuminate
how RPTPs are able to transduce extracellular signals into
intracellular responses to instruct neurons to form complex
networks in the brain.
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